the compositions of the free surfaces is enabled by the Wulff constructions 1,2 , the morphology of the single crystals can be straightforwardly derived according to the exact surface energies 2 . However, multicomponent compounds involve much more possibilities of surface terminations 3 . Moreover, polar surfaces widely existed in compound semiconductors 3, 4 , such as the most representative wurtzite (0001)/(000-1)
surfaces. Because of the intrinsic difficulty in the determination of polar surface free energy 5 as well as the tendency of reconstructions on polar surfaces due to electron counting rule unsatisfied 3, 4 , the polar surface terminations are usually obscure.
In the current work we focus on the polar edges (polar surfaces for two dimensional materials) in transition metal dichalcogenides (TMD) monolayers 6 . The emergent two dimensional (2D) materials have many fascinating properties 6, 7 , amongst which the mirror symmetry broken (reduction from six-fold into three-fold symmetry) in the single-atomic-layered TMD is very impressive 8, 9 . Basically it is the origin of polarizations such as the piezoelectric 9 and valleytronic 8 properties in monolayer TMDs.
Owning to absence of center inversion symmetry, the TMD monolayer crystals have polar (10-10) edges. It's well known the surfaces are critical for crystal growth. Nowadays TMD monolayers including MoS2 or WS2 can been readily synthesized via the chemical vapor deposition (CVD) methods [10] [11] [12] , however, lacking of controllable synthesis protocol especially the morphology, size and defect control for the final products has become the major barrier for future applications 13, 14 .
As already reported, the MS2 (M=Mo or W) monolayers ( Figure 1a ) were grown on Si/SiO2 or sapphire substrates, employing Sulphur and MOx as the sources [10] [11] [12] . The ex situ transmission electron microscopy (TEM) 15, 16 and scanning tunneling microscopy (STM) 17, 18 on MoS2 monolayers have exhibited that Mo-zigzag (Mo-ZZ) edges are favorable whilst the S-ZZ edges can be observed in the early growth stages or accompanied with dopant cobalt atoms (The definition of the edge types can be found in Figure 1b) . As the final shapes of monolayer TMDs are either equatorial triangle or hexagonal which means the other edges have much higher energies than ZZ edges, we will only consider the ZZ edges ({10-10} surfaces) here. In the first part of this paper, we would like to address the stability of the possible edge configurations by density functional theory (DFT) calculations 19, 20 , and then the edge influences on the experimental morphologies of the MoS2 and WS2 flakes will be compared and rationalized. More interestingly, the particular short range order (SRO) in TMD alloys 21 can be elaborated based on the stability and growth kinetics between these free edge structures. Our congruent experimental and theoretical approaches successfully revealed the most stable terminations of the free edges in TMD monolayers during vapor growth.
As mentioned above, the ZZ edges of MS2 can be divided into M-ZZ and S-ZZ edges ( Figure 1c ). The vapor phase growth conditions are close to equilibrium with high crystallinity, faceting and less defects, and the possible edge configurations for each edge has three sub-types, they are M-ZZ, M-ZZ-1S, M-ZZ-2S; S-ZZ, S-ZZ-M and S-ZZ-MS, fully illustrated in the schematics in Figure 1c . The DFT calculations give the relaxed atomic configurations as well as the total energies. Methods and details related to DFT calculation are appended in the experimental and supplementary sections. The reaction (growth) pathways follow as: M-ZZ+S→M-ZZ-1S; M-ZZ-1S+S→M-ZZ-2S; M-ZZ-2S+M→M-ZZ, and S-ZZ+M→S-ZZ-M; S-ZZ-M+S→S-ZZ-MS; S-ZZ-MS+S→S-ZZ (Figure 1d ). The reaction energy (enthalpy) for each step is then derived (Figure 1d ). In high temperature vapor growth, the Mo and S atoms are assumed to be freely diffused on the edges and fully supplied which will not restrict the reaction speed.
The polar surface energy cannot be straightforwardly derived by the slab models in DFT calculations 22 or other alternative methods 9 which can give big errors. we therefore try to avoid using the absolute surface free energy (the edge energy for 2D materials) [15] [16] [17] [18] , but comparing the edge stability by the reaction energies (details in SI). The reaction energies can be reckoned as the activation energies for the inverse process during growth, the lower the energy release for one step, the more unstable for the reactant and more stable for the product. Based on the reaction energy for each step, the M-ZZ-1S
edges are the most stable for both MoS2 and WS2, as the M-ZZ-1S+S→M-ZZ-2S reactions have the lowest energy change (Figure 1d ) among all the reactions on both M-ZZ and S-ZZ edges, which means this is the rate determining step (RDS). Moreover, it is also noted the growth of M-ZZ edge is more difficult while the growth of S-ZZ edge is easier for WS2 than MoS2, as the S-ZZ-MS+S→S-ZZ reaction (RDS for growth on S-ZZ edge) release larger energy (4.33 eV) for WS2 than for MoS2 (3.98 eV), and the RDS on M-ZZ edge release smaller energy for WS2 (3.21 eV) than MoS2 (3.43 eV) (Figure 1d) . Therefore, the M-ZZ-1S termination will dominate in growth by the DFT calculation, and the relative unstable S-ZZ edges have higher possibility to decompose into sawtooth-like M-ZZ edges (Figure 1e ) in WS2 than in MoS2 due to M-ZZ-S type edge is more stable (grow more slowly) for WS2 than MoS2.
For more sophisticated reactants, we have also considered the M or S dimer atomic species added on the edges during growth. By DFT calculations, the dissociation energies of the Mo, W, and S dimers are 6.24eV, 6.13eV, 5.26 eV, respectively.
Therefore if considering these dimers as the reactants, the reaction energy differences between MoS2 and WS2 edges will just be slightly changed, by around 6.24-6.13)/2=0.05eV/atom, the relative stabilities of the edges are not affected.
The morphology of TMD monolayer is sensitive with the growth temperature, vapor pressure, substrate and growth time [10] [11] [12] [13] . The microscopic characterizations on the postgrowth samples [15] [16] [17] [18] may not provide the exact edge configurations during growth because the ambient environment is different from the vapor pressure conditions inside the growth chamber. However, the edge terminations during growth can determine the shape and morphology of the flakes in the final product, which cannot be changed by ambient conditions. We therefore carry out the morphology analysis of the experimental MoS2 and WS2 flakes, for testing the stability results acquired by DFT calculations above.
Micrographs of our vapor phase grown MoS2 and WS2 monolayer flakes are presented in Figure 2 . The growth methods of MoS2 and WS2 follows our previous publications 11, 23 . In general, the MoS2 is easier to form triangles ( For larger sized flakes, the triangle shape will naturally be less favored than the hexagonal shape as the increasing barrier induced by mass supply. Actually round/circle shape is most favorable with smallest barrier from kinetic point of view. The growth of smooth edges require a close-to-equilibrium growth conditions, and a condition with less kinetic barriers, however, the corner and center part of a long smooth edge in triangle flake for growth will bring in different reactant consumption rates (to keep the smooth and straight edge) and local reactant concentration inhomogeneity, leading to higher kinetic barriers. The trend of hexagonal shape induced by kinetics is also one condition for S-ZZ edge decomposition into sawtooth W-ZZ edges, otherwise only triangle shapes can occur if no kinetics are involved. A more comprehensive theoretical simulation including all kinetic factors and all possible reactants will be published later.
Moreover, the edge terminations during growth can be correlated with the superstructures in 2D TMD alloys. The short range order (SRO) in microstructure of binary disordered alloy (substitutional solid solution) is common and critical for a number of engineering purposes 24, 25 . MoS2 and WS2, which have exactly the same lattice constant (3.18 Å by DFT) in monolayer (less than 1.3% difference), unsurprisingly lead to epitaxial coherent interface at the MoS2-WS2 heterojunction 26 or formation of infinite disordered solid solutions of MoxW1-xS2 at any compositions (0<x<1) 27 . Similarly, mono-atomic layer graphene-BN composite B1-xCxN1-x is another example of binary system in 2D materials 28 , but the miscible ability of B1-xCxN1-x is much lower than MoxW1-xS2, with easy phase separations. One previous report has discussed about in mono-atomic layer MoxW1-xS2 the first nearest neighbor of the metal atom (Mo or W) sub-lattice is randomly mixed 29 . While another work has mentioned about the anisotropic stripe structures in MoxW1-xS2 induced by the phase separation at the growth edges 30 .
Our binary alloy MoxW1-xS2 sample is also grown by CVD method on Si/SiO2 substrate at high temperatures with mixed sources of tunable compositions, the fabrication specifications are similar to our previous methods for TMDs 11 . Typical high-mag TEM images for MoxW1-xS2 are presented in Figure 3a . Each Mo and W atom (for sulphur, two sulphur atoms in the same column) can be unambiguously determined and their positions are digitalized by the high angle annular dark field (HAADF) images (Figure 3b ). The contrast of atoms in HAADF is monotonically dependent on the atomic numbers (Z) 31 . SRO in alloy is usually described by the Warren-Cowley parameters (αlmn) 32 ,
where is the conditional probability of atom B appear in the neighboring shell lmn of atom A in AB alloy and is the atomic fraction. αlmn approaches zero if two atoms separated by vector [lmn] have no pair correlations, and negative/positive αlmn means the specific configurations between A and B atoms are favored/unfavored over the random distribution. The measurement details of all the αlmn are appended in Methods section. Figure 3c presents the results of α for lmn from first nearest neighbor to seven times lattice parameter distance, accompanied by the schematic for each α. We can see for both W-W in Mo0.44W0.56S2 case, α (1/3,1/3,-2/3), α(2/3,2/3,-4/3), α(1,1,-2) , α (4/3,4/3,-8/3 ) are all significantly less than zero while the others are close to zero, which means the same kind of atoms are preferentially located along the zigzag direction , leading to straight chains of W atoms. There is similar trend for Mo atoms. The summary for all the other α for different compositions of alloy are appended in Table S1 in the supplementary materials. We found the compositions near x=0.5 has the most pronounced SRO, and SRO widely exist for most of the alloys. Meanwhile, we also checked the SRO in the alloy of VSe2/WSe2 (W0.75V0.25Se2) (Figure 5a ), made by alloying of VSe2 and WSe2 (see methods). This sample exhibit neither anisotropy nor SRO (Figure 5b) , and the morphology of the flakes are irregular and inapplicable to determine the edges or facets during growth, implying the faceting and edge effects like in MoxW1-xS2 are essential in the vapor growth for alloys. In terms of MoxW1-xS2, the layer-by-layer growth mode which causes atomically flat edges on the as-synthesized samples can "freeze" the W/Mo atom positions after they have been grown, without aging effect. In addition, W/Mo atomic layer are sandwiched by two Sulphur layers, so the diffusion or interchange of W/Mo atoms require rearrangement of surrounding Sulphur atoms, requiring high energy supply and unlikely to occur. Therefore, the superstructures such as the SRO are actually determined by the edge terminations during growth.
We performed series of DFT calculations on the MoxW1-xS2 edge terminations (x = 0.5) in supplementary Figure S4 -S5. The results show these edges have significant perpendicular relaxations. For M-ZZ edges, the second row of W-S bond length of Mo-ZZ perpendicular to the edge is 2.5% elongated, while for Mo-S bond of W-ZZ this elongation is 3% by comparison to the bulk value ( Figure S4 ). The bond lengths of bare metals at the first row and S are 2.372 and 2.373 Å which are 0.031 and 0.035 Å shorter than the corresponding bulk phase for Mo and W in average respectively. We note that the energies of Mo-ZZ are lower than W-ZZ (0.93 eV) by introducing the same composition of alloys, and the energies of phase mixed edges are in range of Mo-ZZ and W-ZZ edges (Fig.S4 ). The energy difference by evaluating the total energies of Mo-ZZ and W-ZZ minus 2 times energy of MoW-ZZ edges is quite small (+0.03eV/atom) at the edges indicating the coexistence of these three phases. Besides, various distributions at the edges also reveal separated and mixed phases are isoenergetic represented in Fig.S5 . Doping Co atoms in MoS2 ribbon at the edge significantly decreases the stabilities by 2.14 eV/atom. Interestingly, in such Co-Mo alloys the pairing configuration Co-Co-Mo-Mo is more energetically favorable by 0.03eV/atom than the alternate configuration Co-Mo-Co-Mo as shown as in Fig. S6 . Thus, from the kinetic point of view, one explanation of our observed SRO is that the predominant competing Mo-ZZ edges form at the beginning. With the ratio of W in local growth atmosphere becoming higher, W-ZZ edges become preferable. Previous study 33 suggests that complete M-ZZ edges may only occur under highly reductive conditions or at high temperature, so the formation mechanism is still an open question as edge states not only relates to the thermostability, but also influenced by the different conditions, such as the ratio of mixed metals, pressure for each sources, flow direction/rate, temperatures, etc.
In summary, upon analysis on the CVD grown TMD materials, including monolayer MoS2, WS2 as well as the 2D alloys, we identified the different shapes and edges between MoS2 and WS2 flakes and the pronounced anisotropic SRO in their disordered alloys. By employing the dedicated DFT calculations and reaction energies between different edge terminations, the results converged with the experimental findings that M-ZZ-1S is the main edge termination for the MoS2 and WS2 monolayers during vapor growth. In terms of methodology, we have proposed a new approach to validate the theoretically acquired polar edge terminations during growth. The post-growth morphologies and superstructures which can be easily utilized for this purpose. The understanding of the edge structure will give a better chance for the growth control of these novel 2D materials. In addition, the noteworthy edge-freezed long range SRO (until 2 nm) not only affect the physical properties of MoxW1-xS2 (ref. . 36) , etc., but also give some new insights: in-operando engineering specifically on the surface/edge during growth might be a new route to modulate structures for random alloys, which is inaccessible by global heat treatment methods previously.
Experimental Section:
Density functional theory (DFT) calculations. The spin-polarized density function theory calculations were carried out by the Vienna ab initio simulation package (VASP) program package 37, 38 with the projector augmented wave (PAW) 20, 39 to explore the growth mechanisms of MoxW1-xS2
monolayer. The exchange-correlation functions were described with the generalized gradient approximation (GGA) in the form of the Perdew, Burke, and Ernzernhof (PBE) functional 19 . The kinetic energy cutoff for the plane-wave basis set was chosen as 500 eV. The interlayer distance was set to be more than 15 Å, which is large enough to minimize the artificial interlayer interactions. The 
